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Abstract 
Beside well chosen process parameters a geometrical joining partner design suitable for laser transmission welding and 
adequate clamping pressure appliance is necessary to form high quality welds. Amongst other clamping techniques Dual 
Clamping Devices (DCD) are a promising approach to fulfill the process needs and to get to a robust and also fail safe 
clamping. When using DCD the laser beam has to pass thin non transmitting bars while a weld seam is formed. So the 
laser beam is partial refracted, reflected and absorbed. Here the influences of the bars onto the laser beam intensity 
distribution behind the bars rather in the interaction zone of the laser beam and the two joining partners are investigated. 
Welding experiments with DCD are carried out and discussed. Based on the experimental results thermal process 
simulations are performed, to get a deeper knowledge about the effect of the bars onto the spatially and temporally 
changing temperature field within the joining partners. 
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1. Motivation / State of the Art 
To permit laser transmission welding, the lasers energy has to pass the upper joining partner of an overlap 
or T joint and has to be absorbed by the lower one near the joining plane (cp. Fig. 1) [1]. Alongside proper 
process parameters and a geometrical part design suitable for laser transmission welding a reproducible and 
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also symmetric clamping pressure appliance is needed to form high quality welds. Insufficient clamping may 
lead to elastic or plastic deformation of the parts, weak weld seams due to remaining internal stresses or parts,
which are not true to size.
Clamping devices used today can be distinguished into some, which are placed within the beam path and
some which are not. Devices placed within the beam path (cp. Fig. 1 top) have to serve as a part of the beam 
guiding system beside their task of clamping. Therefore an at least possible contamination of the clamping
device by dust or smoke holds the risk of damaging the clamping device due to continuous interaction of the
laser beam and the contaminated clamping device [2]. A damage of the clamping device may lead to
downtime of the welding machine or low quality welds because of partial or even complete absorbance of the
laser power by the contamination. Discontinues or leaky weld seams may be the consequence.
For fail safe clamping, at least in mass production, clamping devices, which are placed outside the beam 
path may be preferable. Using common clamping devices in form of a simple latch would be an easy solution.
Here problems may come up in particular for larger and bending weak upper joining partners. Due to the
overlap or T joint configuration in case of laser transmission welding shear forces, moments and deformation
may be caused (cp. Fig. 1 bottom).
Fig. 1. Schematic sketch of laser transmission welding with a clamping device placed within the beam path (top), a clamping device
placed not within the beam path (bottom) and results of mechanical Finite Element Simulations showing standardized von Mises tensions
and over elevated deformations caused by the different clamping techniques (right)
To prevent both, the risk of downtime or poor weld seam quality due to contaminated clamping devices
and poor weld seam quality due to elastic or plastic deformation of the clamped parts the use of a Dual
Clamping Device (DCD) is a promising approach (cp. Fig. 2). Here the clamping is performed by a latch and
an additional die, which are both made out of metal and placed outside the beam path. As it can be seen in
Fig. 2, due to the additional die the deformation of the clamped parts is getting lower and the state of stress is
getting more advantageous (cp. Fig. 1). The die is connected to the latch by thin metallic bars, which are
partial placed within the beam pass (cp. Fig. 2). Due to this design, while a weld seam is formed e.g. by quasi-
simultaneous laser transmission welding within every welding cycle the laser beam hits the bars of the DCD
(cp. Fig. 3). Crossing the bars with the chosen feed speed and laser power the laser beam is partial refracted,
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reflected and absorbed [3] by the bars for a short period. Due to the low intensity of the laser beam within its
interaction zone with the bars of approximately 103 W cm-2, the short interaction time of approximately 10-3
until 10-2 s and the poor absorbance of diode laser radiation by steel of round about 35 % [4] one my expect 
that the bars are not heated in a relevant manner. For laser beam hardening of steel e.g. an absorbed intensity 
of approximately 103 until 105 W cm-2 is needed for approximately 10-2 until 1 s of interaction time [4].
Fig. 2. Schematic sketch of laser transmission welding with a Dual Clamping Device and results of a mechanical Finite Element
Simulation showing standardized von Mises tensions and over elevated deformations caused by this clamping technique (right)
Fig. 3 illustrates the circumstances for the three time steps t1 up to t3 for a cutout of one of perhaps multiple
welding cycles. For t1 the laser beam passes the bars, the die and the latch of the DCD without any interaction
with the clamping device and hits the clamped parts. Therefore for well chosen thermoplastic materials and
process parameters a proper weld seam is formed.
Fig. 3. Schematic sketch of laser transmission welding with a Dual Clamping Device for different welding times t and corresponding
positions x
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As illustrated by Fig. 3, for t2 the laser beam center hits one of the bars and gets partial refracted, reflected 
and absorbed by one of the bars. But left and right from the bar a quite big fraction of the laser beam is still 
able to pass the DCD, to reach the clamped parts and to perform welding. For t2 equal conditions as for t1 are 
reached again. The laser beam is no longer interacting with any part of the DCD, but of course is still hitting 
the clamped parts. 
The question is: Is the periodic interaction of the laser beam and the bars of the DCD a problem for the 
laser transmission welding process, or is it possible to form tight and also strong welds by the use of a DCD 
even behind the required bars? 
2. Experimental and simulative work 
To answer the question first the influence of the bars onto the laser beam intensity distribution behind the 
bars is investigated. Second the bars effect onto the weld seam geometry and strength is picked out as central 
theme. In the end the spatially and temporally changing temperature field occurring within the joining 
partners, while quasi-simultaneous laser transmission welding is investigated by a thermal process simulation. 
Therefore: 
 Measurements with a hollow needle instrument and a power meter, 
 welding experiments using a DCD and a simplified but in general for plenty of industrial applications 
relevant dummy and 
 a thermal Finite Element Simulation are performed. 
 
Alongside material properties relevant for the implementation of a thermal Finite Element Model are 
determined for the upper and the lower joining partner made out of PA 6. Needed are the specific heat 
capacity, the heat conductance and the density, the reflection and transmittance grade and the absorption 
coefficient preferable each dependant on the materials temperature. The specific heat capacity is determined 
by measurements according to the principles of differential scanning calorimetry [5]. Heat conductance and 
density are assumed according to material data sheets. The optical properties are determined using an 
experimental setup equipped with integrating spheres [6]. 
2.1. Hollow needle instrument and power meter measurements 
 To quantify the influence of the bars onto the intensity distribution of the laser beam behind the bars 
dependant on several parameters imported to the process a hollow needle instrument (Primes, Focus Monitor) 
[7] and a power meter (Coherent, LM 200 and Fieldmaster GS) are used. For these measurements the setup 
shown by Fig. 2 and 3 is simplified according to Fig. 4. The geometrical conditions concerning the 
experimental setup of course are maintained as well as the material and appearance of the bars made out of 
spring steel. For the power meter measurements the measuring tip in Fig. 4 is replaced by the mentioned 
power meter 
 
 
 
 
 
 
Fig. 4. Schematic sketch of the experimental setup chosen to determine the bars effect onto the laser beams intensity distribution for 
different x -values 
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For one measurement the measuring tip is moved continuously to cover the space behind a single bar to
collect all the data, which is necessary to determine the spatial intensity distribution of the laser beam possibly 
affected by the bar. Therefore up to twelve measuring planes orientated normal to the propagation direction of 
the here unmoved laser beam of a diode laser (LIMO Lissotschenko Mikrooptik, PL = 350W, = 940nm,
dcore = 350μm, NA = 0.22), which is focussed by a scanner (Raylase, Superscan 30) and a plain field objective
(Sill, S4LFT2163/094) are scanned with the measuring tip. The measuring planes are arranged equally spaced
around the focal position of the undisturbed laser beam and the later interaction zone. They are spreaded over 
a z -interval of 35 mm. The distance from plane to plane, which is equal to the spatial resolution of the
measurement in z -direction therefore is 3.18 mm. Within one plane 1282 data sets of the spatial coordinates
x and y and the spatial monitored average intensity are collected within areas of 2.0 mm times 2.0 mm and 
3.0 mm times 3.0 mm. Therefore the spatial resolution in x - and y -direction is 0.16 mm until 0.24 mm. The
bars used have all rectangular cross sections and differ in their width b (0.5, 1.0 and 1.5 mm) and height h
(8.0, 10.0 and 12.0 mm). Varied are as well the laser power PL (24.4 and 29.6 W), z , the longitudinal (37.0, 
42.0 and 47.0 mm) and x , the lateral position (0.0, 0.1, 0.2, 0.5 and 0.7 mm) of the bar relative to the laser 
beam focus and axis. z is equal to the distance between the upper end of the bars and the focal plane. x is
the distance between the laser beam axis and the symmetry line of the bars rectangular cross section collinear 
to the laser beam axis. To simulate the conditions occurring when the laser beam crosses one of the bars
within a laser transmission welding process with DCD x is varied from one measurement to the other. The
undisturbed laser beam (cp. Fig. 4, left and right) has a focus radius 0 of 0.8 mm and a Rayleigh length Rz
of 16.2 mm. Fig. 5 is showing a series of intensity distributions, which is monitored in the exemplarily chosen 
measuring plane equal to the focal plane of the undisturbed laser beam.
Fig. 5. Standardized intensity distributions (experimental data) monitored for increasing x ; b = 1.0 mm; h = 10.0 mm, 
z = 42.0 mm; LP = 24.4 W
For x = 0.0 mm the monitored intensity loss is maximum for all considered b -, h -, z - and PL-values.
For b = 1.0 mm, h = 10.0 mm, z = 42.0 mm, PL = 24.4 W (cp. Fig. 5) the intensity loss is e.g. 8.2 %
relative to the maximum intensity of the undisturbed laser beam. For the plotted sequence for x = 0.7 mm
the intensity loss is decreasing to 2.5 % for the same laser power. The maximum intensity loss quantified over
all b -, h -, z - and PL-values considered here is 10.3 %. This loss is monitored for b = 1.5 mm,
h = 12.0 mm, x = 0.0 mm, z = 37.0 mm and PL = 29.6 W.
Along side the intensity loss, also for the laser power PL there is a loss dependant on b -, h -, x - and z -
values of course. Fig. 6 is showing the laser power PL' quantified behind the bars relative to the laser power 
LP in front of the bar. It can be seen, that b has the strongest effect on to PL' rather the monitored power loss
dependant on x (cp. Fig. 6). For x -values greater or equal 4.0 mm no significant power loss is measured 
for any of the considered b -, h -, z - and PL-values.
Summarising the hollow needle instrument and power meter measurements it can be pointed out, that the 
maximum monitored intensity loss is 10.3%. For the bar geometry and position, which is most promising for 
DCD designed for production ( b = 1.0 mm, h = 10.0 mm, z = 42.0 mm) the maximum loss is 8.3 %. The
maximum power loss is 34.0 % over all measurements and 20 % for the bar geometry and position mentioned
before. To compensate the effects of the monitored intensity and power loss concerning the weld seam 
formation a temporal modulation of laser power or feed speed dependant on the actual laser beam position 
leading e.g. to higher laser power or lower feed speed e.g. between t1 and t3 (cp. Fig. 3) would help (cp. 2.2).
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Fig. 6. Behind the bars measured laser power PL' for increasing x  dependant on b  (left), h  (centre), and z  (right); left: 
h  = 10.0 mm, z  = 42.0 mm; PL = 24.4 W; centre: b  = 1.0 mm; z  = 42.0 mm; PL = 24.4 W; right: b  = 1.0 mm; h  = 10.0 mm; 
LP  = 24.4 W 
Assuming any intensity or power loss to cause low quality welds, based on the acquired data concerning 
the intensity loss, lower feed speed or higher laser power should be maintained for a distance xlow/high of at 
least 1.4 mm symmetric to the bars. Based on the determined power loss xlow/high should be chosen to be 
8.0 mm. 
2.2. Welding experiments 
After characterizing the influence of bars with varying geometry and relative position onto the laser beam 
intensity distribution and the reusable laser power PL' welding experiments are carried out. For these 
experiments dummies with the main dimensions of 32.0 mm times 32.0 mm times 17.5 mm made out of PA 6 
are clamped with a DCD and welded quasi-simultaneously with different feed speeds S (240, 270, 300, 330 
and 360 mm s-1), laser powers PL (37.0, 39.5, 42.0, 44.5, 47.0 W) and z -values (37.0, 42.0 and 47.0 mm) 
within a laser welding machine (LPKF, LQ-100). b  (1.0 mm) and h  (10.0 mm) as well as the clamping 
pressure (2.15 N mm-2) are chosen to be constant for the welding experiments. As mentioned above e.g. a 
partial decrease of the feed speed is expected to help to compensate the effect of the monitored intensity and 
power loss concerning the weld seam formation. Therefore within the welding experiments S is decreased 
within a distance arranged symmetric to the bars. Concerning this decrease, the distance xlow/high as well as the 
value of the reduced feed speed S' are varied. For xlow/high five settings (0.6, 0.8, 1.0, 1.2 and 1.4 mm) are 
taken into account for the ratio S' over Sv  only one setting (0.667) is considered. For each parameter 
combination five dummies are welded (n := 5). After welding the demonstrators are analysed by a digital 
microscope and mechanical tests. Within microscopic images of the weld seam cross section and the 
surrounding part geometry the remaining height of the weld head and the allocation of the material displaced 
to the left and to the right side of the weld head can be analyzed (cp. Fig. 7). In that way, beside the realized 
joining path the symmetry of the applied clamping pressure can be characterised. For an asymmetric material 
displacement an asymmetric distributed clamping pressure can be assumed, as long as the parts which are 
getting welded are true to size and the laser beam hits the weld head in centre. Within the welding process 
represented by the upper pictures of Fig. 7 an asymmetric material displacement can be seen. For 
x  = 5.0 mm plenty material is dislocated to the left side of the weld head (cp. Fig. 7 top, left), for 
x  = 0.0 mm to its right side (cp. Fig. 7 top, right). After adaption of the welding conditions a symmetric 
material displacement is achieved and documented by the bottom pictures. Regarding these it can be seen that, 
for x  = 5.0 mm (cp. Fig. 7 bottom, left) and x  = 0.0 mm (cp. Fig. 7 bottom, right) as well, the material is 
dislocated equally to the left and to the right side of the weld head now. Furthermore it can be stated that, 
even behind the bars, a weld seams without pores, blow holes or other defects can be formed (cp. Fig. 7 
bottom, right). According to the images the weld seam seems to be tight and load bearing. Regarding again 
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the bottom pictures of Fig. 7 the remaining height of the weld head for x = 0.0 mm (cp. Fig. 7 bottom, right)
can be measured to be 0.57 mm, 0.60 mm for x = 5.0 mm (cp. Fig. 7 bottom, left). The result is a slightly 
cambered upper joining partner for this dummy. Therefore the here chosen combination of PL, S, S' and
xlow/high should be optimized further.
Fig. 7. Microscopic images of the weld seam cross sections of two exemplarily chosen dummies; b = 1.0 mm; h = 10.0 mm,
z = 42.0 mm; LP = 42.0 W; sv = 300
-1, 'sv = 200
-1, highlowx / = 1.0 mm
Nevertheless within burst pressure tests in water under room temperature conditions a maximum burst 
pressure of 19.1 bar is achieved. For the chosen dummy geometry, the fabricated weld seam thickness and 
joining area 19.1 bar of burst pressure are corresponding to an averaged maximum weld seam strength of 
12.8 N mm-2. It should be added, that within the burst pressure test a multi axial state of stress occurs due to
the bending week dummy geometry. A destructed dummy can be seen within Fig. 8. The arrow indicates the 
assumed position of the initial fatigue of the weld seam near the gate of the lower joining partner.
Fig. 8. Photograph of an exemplarily demonstrator after the performed burst pressure testing
Summarising the welding experiments and the weld seam characterization it can be stated, that the
maximum achieved weld seam strength is 12.8 N mm-2. The initial fatigue of plenty weld seams is located 
behind a bar but also near the gate of the lower joining partner. An initial fatigue location under others then
the bar next to the gat was, despite the symmetry of the dummy and the DCD not monitored. Therefore it is
not clear but likely, that the initial fatigue is caused by some break concerning the thermal or mechanical
properties of the base material near the gate caused within the injection moulding process and not by effects
caused by the bars of the DCD. It is shown, that even behind the bars weld seams without pores, blow holes or 
other visible defects can be formed. Based on microscopic results furthermore it can be pointed out, that for 
the chosen bar geometry and position a xlow/high-value of 1.0 mm is adequate to compensate the occurring
intensity and power losses. Concerning the power loss, this means, a power loss or change of up to 17.8 %
(cp. Fig. 3) must not be compensated.
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2.3. Finite Element Simulation
To get a deeper knowledge concerning the spatially and temporally changing temperature field occurring
within the joining partners while the welding behind one of the bars is performed a thermal Finite Element 
Model of laser transmission welding capable to consider the quantified influence of the bars onto the intensity
distribution was implemented based on former work [8, 9, 10] and experimental results presented here (cp. 2.1
and 2.2). Used therefore are Abaqus and Fortran. Due to the mock up of a thermal model the allocation of 
viscous or molten material and the resultant welding path, which is characteristic of quasi-simultaneous laser 
welding are neglected so far. Also neglected are scattering within the joining partners and the thermal
dependency of the optical properties [6, 9] due to their here expected low impact. For the consideration of the
effect of the bars onto the laser beam intensity distribution Iaffacted (x, y, z, x) the data acquired by the above
mentioned hollow needle instrument and power meter measurements is described by the analytical function 
xzyxK ,,, . Therefore the monitored intensity loss is approximated by (1).
(1)
Within (1) zyxr ,,2 represents a correction function, which is defined by (2). z is the laser beam 
radius dependant on the caustic coordinate z .
(2)
xyxr ,,2 is dependant on the coordinates x and y and x defining the actual bar position. Based on 
experimental results Rz is assumed to be 16.2 mm, 0 0.8 mm (cp. 2.1). Fh( x), Fx( x) and Fy( x) are
additional correction functions. They are dependant on x and have to be fitted to the data acquired by
hollow needle instrument and power meter measurements. After fitting by the use of the software Eureqa [11,
12] on basis of the already known data the terms given by (3) are exclusively dependant on x and therefore
can be used to calculate xzyxK ,,, during the simulations.
(3)
Using xzyxK ,,, Iaffacted (x, y, z, x) can be calculated by (4). Here zyxI ,, is the intensity distribution 
of the undisturbed laser beam, which is calculated according to former work [8, 9, 10].
(4)
When (4) is used for the calculation of Iaffacted (x, y, z, x), Fig. 9 can be plotted.
Fig. 9. Standardized intensity distributions (calculated data) monitored for increasing = 1.0 mm; h = 10.0 mm, = 42.0 mm;
PL = 24.4 W
Comparing this figure with Fig. 5 at least a well qualitative accordance of calculated and experimental
gained data becomes obvious. Comparing the data concerning Iaffacted (x, y, z, x) acquired in 2.1 and 
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calculated here in a quantitative way as well, the accordance can be quantified further. The calculated
intensities differ maximum 2.83 % relative to the measured intensities over all relevant parameters and
parameter combinations considered here. If Iaffacted (x, y, z, x) is integrated also calculated and measured 
powers can be compared quantitatively. Calculated powers differ maximum 0.01 % relative to the measured
data.
Within the Finite Element Simulations the temporally and spatially changing temperature field is
calculated on basis of the general differential equation of heat conduction according to Furier (cp. (5)).
(5)
Within (5) T is the temperature, which has to be calculated dependant on the time t and the spatial
coordinates. v is the velocity vector, while , pc and .therm are the already above mentioned material
properties density, specific heat capacity and heat conductance. Neglecting heat transfer in the direction of the
actuel feed speed, (5) can be simplified as follows:
(6)
The volume heat source , representing the laser beam matter interaction is given by (7):
(7)
Fig. 10 shows exemplarily temperature fields obtained by the use of the presented model. Plotted are cuts
throug the three dimensional simulation model defined by a cutting plane parallel to the incident laser beam 
and normal to the direction of the actuel feed speed (cp. D-D in Fig. 3).
Fig. 10. Results obtained for three time steps of an exemplarily simulation; PL LP = 42.0 W, S = 300
-1, S' = 200 -1, 
highlowx / = 1.0 mm, b = 1.0 mm, h = 10.0 mm, z = 42.0 mm
Within the figure the time steps t1, t2, t3 are corresponding to x -values of 0.0 mm, 0.2 mm and 0.7 mm.
Shown are calculated temperature fields for the fourth welding cycle. Chosen process parameters relevant 
here are given by the caption. The assumed material is PA 6 with an experimental determined melting
temperature range of 225°C until 267°C. For Fig. 10 within gray areas an integration point temperature higher 
than 250°C, the asumed melting temperature, is calculated. Despite the considered effect of the bars a
contiguous melt pool all over the weld head width is obvious. For t2 a necking (A) of the calculated
temperature field on top of the upper joining partner can be seen. For t3 this effect vanishes due to heat 
conductance. Near the melt pool another effect of the bars can be seen. For t2 the calculated temperatures right
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above the centre of the melt pool (B) are decreasing relative to 1t . For t3 the calculated temperatures are again
increasing. Choosing the cutting plane equal to the joining plane Fig. 11 can be plotted. Here for light green
areas an integration point temperature near 250°C is calculated. t1, t2 and t3 are corresponding to x -values of 
0.0 mm, 0.2 mm and 0.7 mm again. Shown are the calculated temperature fields right on top of the 1.0 mm 
wide weld head for the 2nd, 3rd and 4th welding cycle. Due to the wall thickness of 2.0 mm a blue edge right 
above and under the light green areas is visible for every time step and welding cycle shown here.
Nevertheless already for the second welding cycle the whole weld head width is molten even behind the bar 
represented by the dashed lines.
Fig. 11. Results obtained for three time steps of an exemplarily simulation; PL = 42.0 W, S = 300 -1, S' = 200 -1,
highlowx / = 1.0 mm, b = 1.0 mm, h = 10.0 mm, z = 42.0 mm
Summarizing the simulation results it can be pointed out, that the effect of the bars onto the laser beam 
intensity distribution behind the bars can be approximated very well by the chosen approach. The calculated 
intensities differ maximum 2.83 % relative to the measured intensities, the calculated powers 0.01 % relative
to measured values as well. Furthermore the spatially and temporally changing temperature field occurring 
within the joining partners could be investigated in detail.
3. Summary
To answer the question, if the periodic interaction of the laser beam with the bars of a DCD is a problem 
for a quasi-simultaneous laser transmission welding process or not, the influence of the bars onto the laser 
beam intensity distribution and the reusable laser power behind the bars was investigated by hollow needle
instrument and power meter measurements. The intensity and power loss for the bar geometry and position
most promising for the industrial use of DCD could be determined to be 8.3 % and 20.0 %. The bars effect on 
the weld seam geometry and strength was investigated by the use of micrographs and burst pressure tests. The
maximum weld seam strength was 12.8 N mm-2. If the bars are causing the initial fatigue within burst pressure
tests could not be excluded, but seams unlikely. The spatially and temporally changing temperature field 
occurring within the joining partners, while weld seams are formed behind the bars was investigated in detail
by the thermal process model. Never the less, some changes of the resultant temperature field behind the bars
where seen, on basis of the documented experimental and simulative work it can be stated, that it is possible
to form faultless welds using DCD by the use of proper process parameters and therefore prevent the risk of 
downtime or poor weld seam quality due to contaminated clamping devices or improper clamped joining
partners.
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